Cavity flows are present in a wide range of aerospace applications. The pressure fluctuations associated with cavity resonance have made them the target of significant flow control efforts aimed at suppressing resonance. A potential scramjet application for cavity flows may require resonance enhancement in addition to resonance suppression. Localized arc filament plasma actuators have demonstrated the ability to control a high subsonic cavity flow. This work investigates the control authority of the localized arc filament plasma actuators in a supersonic (M 2.24) cavity flow. The localized arc filament plasma actuators significantly suppress the primary cavity resonance of a naturally and strongly resonating cavity. Additionally, the trend in effectiveness suggests that introducing mode competition through the excitation of the Kelvin-Helmholtz instability, and thereby influencing the shear-layer structure formation process, is the likely control mechanism. The effects of two-dimensional and three-dimensional excitation are explored. Although two-dimensional excitation achieves the greatest resonance suppression, threedimensional excitation shows similar suppression with significantly less sensitivity to the excitation Strouhal number, making it more desirable for practical applications. In a weakly resonating cavity, the flow significantly responds to excitation near the resonance Strouhal numbers. However, electromagnetic interference makes it difficult to quantify the level of resonance enhancement.
I. Introduction C AVITY flow is a ubiquitous aerodynamic configuration with applications ranging from aircraft landing gear bays and cargo/ weapons bays to flameholding in scramjets and flow regimes from low subsonic to supersonic [1] [2] [3] [4] [5] . Cavity flows often resonate, potentially causing serious aerodynamic repercussions [1, 5] . Large pressure fluctuations associated with resonance generate significant acoustic radiation, and increased entrainment causes additional drag [6, 7] . In some cases, the pressure fluctuations can pose structural fatigue concerns for nearby aircraft components. In store-release applications, these pressure fluctuations can adversely affect delivery accuracy and cause collision hazards postlaunch [8] .
There are two commonly observed cavity flow resonance modes: wake resonance and shear-layer (Rossiter) resonance [2] . If the cavity is very shallow (L∕D ≫ 1), wake resonance typically occurs. In this configuration, the flow interacts with the fore and aft walls of the cavity independently. Thus, the flow behaves like a wake behind a bluff body/backward-facing step. This paper will focus on a cavity for which OL∕D ∼ 1, where shear-layer (Rossiter) resonance occurs. This condition is typical in many high-speed applications.
Rossiter mode resonance occurs only in "open" cavities, i.e., cavities in which the shear layer reattaches to the aft wall of the cavity rather than to the cavity floor. In this situation, if resonance exists, it takes the form of a self-sustaining feedback loop. Small fluctuations in the incoming boundary layer perturb the origin of the shear layer where it is particularly receptive to excitation. The Kelvin-Helmholtz instability amplifies these perturbations to large-scale structures, which are convected downstream [9] . These structures entrain flow into the shear layer from the cavity, as well as the freestream, reducing the internal pressure, and thereby deflecting the shear layer into the cavity. The interaction of the structures with the aft wall produces acoustic waves. These travel through the cavity to the origin of the shear layer. Here, they perturb the shear layer, thereby completing the feedback loop and establishing resonance for certain flow conditions. Rossiter [10] was the first to describe this mechanism and develop an expression describing the Strouhal numbers at which this feedback loop could exist. Equation (1) is the expression he developed:
This expression was later refined by Rockwell and Naudascher to account for the effects of compressibility [1] . Their now-ubiquitous expression is recalled in Eq. (2):
Although there is still debate about the exact mechanism by which the structure/aft wall interaction generates acoustic radiation [11] , the feedback dynamics have been well established. Figure 1 graphically depicts the feedback mechanism.
The ubiquity of cavity flows and the associated (potentially adverse) effects have made cavity flow control a constant topic of interest over the past 60 years [2] . There are numerous examples of passive, active, and feedback control methods [12] [13] [14] [15] [16] . A few of the more prevalent ones include spoilers, cylinders, aft wall geometry modification, and fluidic actuation, e.g., synthetic jets, zero-netmass-flux slot injection, blowing, and leading-edge suction. Cattafesta et al. [8] and Rowley and Williams [2] provided excellent reviews of past efforts to suppress cavity resonance.
Significant work has investigated the use of cavities as flameholders in scramjet combustors [17] [18] [19] . A novel application for cavity flows as shock traps in scramjet isolators has been proposed [20] . For both of these applications, resonance for enhanced entrainment can be a desirable feature, e.g., to increase fuel/air mixing. Thus, there is motivation for flow control, not only to suppress the cavity resonance but also to enhance it.
Localized arc filament plasma actuators (LAFPAs) have previously been used to control a variety of flows by excitation of natural instabilities [21] [22] [23] [24] . Notably, they have been used for subsonic and supersonic heated and unheated jet control for noise mitigation and mixing enhancement [21, 22] . The LAFPAs operate by generating thermal perturbations through an arc discharge. The perturbations are located near the shear-layer receptivity region and pulsed appropriately to exploit natural instabilities in the flow. This strategy yields a control technique with extremely low power requirements (tens of watts per actuator).
These actuators have demonstrated the ability to suppress or excite resonance in naturally resonating and nonresonating subsonic cavities, respectively [25] . The objective of this work is to demonstrate that the observed control authority of the LAFPAs extends to the supersonic regime. Specifically, the response of the flow over two different cavities to excitation will be investigated. First, the flow over a strongly resonating cavity will be examined to assess the LAFPAs' ability to suppress resonance. Second, the flow over a weakly resonating cavity will be excited to determine the LAFPAs' ability to enhance resonance.
II. Experimental Arrangement

A. Facility
Experiments were conducted in a blowdown facility at the Gas Dynamics and Turbulence Laboratory of the Aerospace Research Center at The Ohio State University. Two high-pressure storage tanks with a total volume of 36 m 3 supplied air to the facility. They were filled with compressed, dried air by three Norwalk compressors. A computer-controlled air delivery system held the pressure in the stagnation chamber constant as the tanks drained. The flow passed into the stagnation chamber and through two perforated plates and three turbulence-reducing screens before entering a converging section through a fourth screen.
After the last screen, the flow passes through a modular, contoured, converging-diverging nozzle, accelerating it to a freestream Mach number of 2.24 approximately 150 mm upstream of the fore wall of the cavity. The test-section cross section is 50.8 by 50.8 mm. The freestream stagnation temperature is not controlled and varies from about 20°C to about −10°C, depending on outdoor conditions (storage tank temperature) and the tank pressure. The stagnation pressure (Reynolds number) is variable and, for this experiment, is held constant at 401 kPa (Re D ∼ 660;000).
Optical access is available from both sides of the test section, through nominally 75 by 250 mm windows, and from the top through a nominally 25 by 90 mm window to accommodate optical measurement techniques.
The cavity was located in the bottom wall of the test section. The boundary-layer thickness at the upstream edge of cavity, as estimated from schlieren images, was approximately 4 mm. The cavity spanned the entire width of the test section and had a depth of 12.7 mm. The length-to-depth ratio was four for the strongly resonating configuration. For the weakly resonating configuration, the lengthto-depth ratio was increased to 4.6. Previous experiments at subsonic Mach numbers had investigated the LAFPAs' control authority over a cavity with a slanted aft wall [25] . This was necessary because of the extremely strong two-dimensional (2-D) resonance sustained by the subsonic flow. In the supersonic regime, compressibility effects stabilized the shear layer (i.e., reduced perturbation amplification by the Kelvin-Helmholtz instability), resulting in weaker resonance [26] . Thus, for the portion of this work investigating resonance suppression, a vertical aft wall was installed, thereby maximizing the strength of the resonance. When investigating a weakly resonating configuration, a rounded aft wall, with a radius equal to half the cavity depth (6.35 mm), was installed. Figure 2 shows a schematic of the cavity. The strongly resonating configuration is shown in solid lines, and the changes for the weakly resonating configuration are shown in dashed lines.
B. Plasma Actuators
Flow control is introduced using plasma actuators called LAFPAs. These actuators are designed to perturb the flow at a wide range of Strouhal numbers to exploit natural instabilities within the flow [24] . The actuators are low power, delivering tens of watts each to the flow (approximately 2.2 mJ∕pulse on average), due to the small power required to generate perturbations. Each actuator is made up of two 1 mm tungsten electrodes spaced 3.5 mm center to center. The perturbation is generated by applying a sufficiently high voltage across the electrodes to induce breakdown in the air between them. The rapid localized heating by the arc generates thermal perturbations, which can be used to manipulate the natural instabilities of the flow.
The LAFPAs must be placed at the correct location to introduce perturbations that will excite the natural instabilities [8, 27] . Cavity flow is a canonical problem, in which a recognized and welldocumented two-dimensional instability exists, namely, the KelvinHelmholtz instability [26] . This instability is receptive to perturbations near the shear-layer origin (i.e., the leading edge of the cavity). Previous work has demonstrated perturbation control is effective when the actuators are placed at the cavity leading edge [28] . Additionally, flowfield measurements in the previous work support the assumption that the actuators are achieving their control authority through instability manipulation. The actuators are accordingly positioned in a spanwise line along the leading edge of the cavity. Figure 2 depicts the physical arrangement of the LAFPAs and their position relative to the cavity. They are located within a 1-mm-wide by 0.5-mm deep groove. The trailing edge of the groove is 1 mm upstream of the cavity edge. Previous work in a transonic jet has shown that the presence of the groove does not contribute to the actuators' control authority [29] . Five actuators are equally spaced across the span of the tunnel with a center-to-center spacing of 3.5 mm between the electrodes of each actuator and 5.25 mm between the nearest electrodes of the adjacent actuators.
The in-house built high-voltage power supply used to drive these actuators is computer controlled and transformer based. The power supply can drive the actuators at frequencies up to 20 kHz (St ∼ 2 for the strongly resonating cavity), providing a wide range of Strouhal numbers at which the flow can be excited. The power supply can individually control each actuator, allowing a variety of actuation modes/patterns to be implemented. In this work, two patterns are explored, referred to as "2-D" and three-dimensional or "3-D". The 2-D excitation is perturbing the flow simultaneously with all five actuators. The 3-D excitation is perturbing the flow at a relative phase delay of 180 deg between adjacent actuators.
C. Measurement Techniques
The primary measurement technique used to interrogate the cavity flow was time-resolved pressure measurements. The static pressure at four centerline locations on the cavity floor was collected by Kulite XTL-190-25A pressure transducer(s). The locations of these transducers are shown in Fig. 2 . All presented data were collected at a sampling rate of 75 kHz (St ∼ 7) and analog low-pass filtered at 25 kHz (St ∼ 2.5) to prevent aliasing. The data were collected in timeresolved blocks of 4096 points in length. For each presented case, 100 blocks were collected. The fast Fourier transform of each block was calculated using a Hamming window and no overlapping, resulting in a frequency resolution of 18.3 Hz. The power spectral density (PSD) of each block was then obtained and averaged over all the blocks. Note that, when converting the PSD to decibels, the standard reference pressure (20 μPa) was used. This arrangement and these processing parameters resulted in an uncertainty independent of the frequency or amplitude (i.e., peaks have the same uncertainty distribution as any other point). Adding error bars to the figures significantly clutters them; therefore, the ranges in which the 95%-confidence intervals fall for every PSD point presented in the following have been tabulated in Table 1 . Note that the asymmetry in the uncertainty bands is due to the logarithmic nature of the decibel scale. In addition to this general uncertainty, the measured spectral subtraction figures have been accompanied with maximum and median uncertainty values.
One interesting side note from the uncertainty analysis is that, although the uncertainty did not depend on the frequency or amplitude of the measurement, it did depend on whether the measurement was part of an electromagnetic interference (EMI) peak (see Sec. II.D titled "Electromagnetic Interference"). In particular, points that were part of an EMI peak had an uncertainty that was, on average, below 0.4 dB. The reason for this decrease cannot be verified. However, the fact that the EMI ought to be relatively consistent suggests that the primary source of uncertainty in the pressure measurements is the fluctuations in the flow rather than the inherent inaccuracy in the measurement system.
D. Flow Validation
The Mach number was confirmed by a static/stagnation pressure ratio to be 2.24. Schlieren images (from a standard Z-type apparatus) confirmed the flow was free of extraneous strong shocks. The Kulite pressure transducer(s) were used to examine the cavity pressure fluctuations and their spectral content. Figure 3 is the power spectral density of the pressure measurements for a baseline case. Note that the x∕L 0.5 and 0.75 curves have been shifted by 20 and 40 dB, respectively, for readability. The expected Rossiter modes are denoted by the dashed blue lines. These are calculated using Eq. (2) with β 0.53 and ε 1.7 × 10 −4 . The parameter values were determined by first using typical values (β 0.66 and ε 0.25) and, after identifying the peaks in the baseline spectra, finding the best-fit parameter values. Throughout the paper, the Rossiter mode frequencies are calculated using these values. The frequency content of the flow is as expected, with the exception of the hump(s) in the x∕L 0.75 spectrum between St ∼ 1 and 2.
Significant effort was expended by attempting to determine the source of these humps. When the cavity was removed from the facility (i.e., the cavity floor was mounted flush with the rest of the tunnel), the humps were still observed. Pressure measurements upstream of the nozzle (in subsonic flow) also showed evidence of the same frequency content. All upstream pitot/temperature probes were removed to eliminate the possibility of shedding. The stagnation chamber (with a diameter of approximately 1 m) was opened, and no source of the humps was identified. Flow entered the stagnation chamber through a conical "sprayer" and passed through two perforated plates and three turbulence-reducing screens before reaching a turbulence-reducing screen at the opening to the converging section. These measures made it unlikely that upstreamgenerated acoustic or hydrodynamic fluctuations/phenomena were the cause of the humps. All of the joints were as smooth as possible, and all surfaces were either flat or smoothly contoured.
After failing to determine the cause of the humps, further analysis was conducted to investigate their potential effects on the cavity flow. The Rossiter modes did not appear to be altered by the presence of the humps (cf. Fig. 3 ). Preliminary flow control results were as expected and consistent with the subsonic work [25] . After much deliberation, it was decided to continue with the experiments in spite of the presence of the humps.
E. Electromagnetic Interference
The nature of the plasma actuators used for control, specifically the rapid change in current that occurs during breakdown, generated significant electromagnetic interference. The Kulite pressure transducer signals were significantly contaminated by this, making it nearly impossible, initially, to extract meaningful information from the data. This section briefly describes the effort to reduce the EMI contamination to manageable levels.
The LAFPA cables were routed at right angles to the Kulite signal cables as much as possible, and both were kept as short as possible. Additionally, both were shielded (wrapped) with aluminum foil, and the shielding was grounded to a common point. The shielding appeared to be especially important on connectors; therefore, the number of connectors was minimized. The LAFPA power supply and Kulite transducers were also grounded to the same point. Ferrite cores (on the signal cables) were used as low-pass filters to mitigate the extremely brief (on the order of nanoseconds) transient current associated with breakdown.
These efforts reduced EMI contamination to a level where it only appeared as extremely narrowband peaks in the data (see Fig. 4 ) at the excitation frequency and its harmonics. The strong harmonics of the EMI peaks were due to the impulse nature of the EMI peak (the breakdown process was very short). Thus, the peaks appeared as a repeated delta function to the Fourier transform, and they naturally produced many harmonics with gradually reduced amplitudes at higher harmonics. These peaks were extremely narrowband, a feature that allowed them to be distinguished from peaks due to the flow, even when they overlapped. Figure 5 shows the zoomed-in spectra of several cases that will be presented later (in Figs. 6 and 7 , respectively). The spectra are zoomed in on the third and fourth Rossiter modes (as they correspond to the excitation frequencies in each case), respectively. The zoomed-in view clearly shows the distinction between a natural, narrowband phenomenon, and the extreme narrowness of the artificially generated EMI peak. To further illustrate this difference, the reader is referred to figure 15 in the work of Yugulis et al. [25] , which displayed a case in which the resonance was enhanced in a weakly resonating cavity. The narrowband nature of the EMI peaks was completely lacking in this case, with the naturally and strongly resonating peak matching the width and shape of the excited resonance peak quite well.
The EMI peaks were easily identifiable and known a priori, so obtaining useful information from the data became relatively straightforward, except when the excitation frequency overlapped with the frequency of interest (or one of its subharmonics). For these cases, significant efforts were made to filter the EMI tones. A reference transducer, located outside the tunnel but wired and recorded identically to the others, was employed to try to record the EMI amplitudes. However, the (grounded) metal frame of the wind tunnel provided significant shielding, and the externally measured EMI was significantly smaller than that measured inside. After this, a wavelet filter, using the expected time of arrival to distinguish and remove EMI energy from the signal, was tried. Unfortunately, the nature of resonance was such that there was coincidence between the arrival 5 Horizontally zoomed-in spectra of excited cases for EMI peak identification: a) third Rossiter mode (cf. Fig. 6 ) and b) fourth Rossiter mode (cf. Fig. 7 ). times, making this strategy ineffective. Finally, wind-off data were collected from the measurement Kulites with the actuators firing. However, the changes in ambient, flow, and breakdown characteristics made a consistent comparison between the wind-off and wind-on EMI amplitudes impossible. These difficulties were encountered primarily due to the small output signal of the Kulites (on the order of millivolts). Other sensors (e.g., condenser microphones), although not suitable for this environment, had a much higher output signal (on the order of 100 V) and have been shown to be immune to contamination by EMI.
In the end, the results presented in the following still have some EMI contamination; however, they make a good contribution to our understanding of cavity flow physics and control. Additionally, some information can still be extracted. For example, in Fig. 5a , it is clear that the amplitude of the physical peak has been reduced. The exact amount is obscured by the EMI peak, but it is clearly on the order of 10 dB. Likewise, in Fig. 5b , it is clear that the peak has been amplified slightly, perhaps by 2 or 3 dB, although the precise amount is obscured. Throughout the rest of the paper, where necessary, such qualitative observations are made. In these cases, it is clearly stated that EMI contamination obscures the true amount of the amplification/suppression.
III. Results
The actuators have demonstrated the ability to both suppress and enhance resonance in a Mach 0.6 cavity flow [25] . It is important to both demonstrate that the LAFPAs' control authority extends to supersonic cavities and to determine the parameters that make the excitation most effective.
In any flow control endeavor, knowledge of the baseline flow is of paramount importance. Schlieren images were collected to verify that no strong shocks (from the cavity lip, tunnel joints, etc.) impinged on the cavity shear layer. Figure 3 shows the frequency content of the baseline cavity flow. The present configuration results in a cavity with single-mode resonance at the third Rossiter mode. The harmonic of the primary resonance is observed at the sixth Rossiter mode. The majority of the analysis in the following focuses on modification of the "peak tone" (third Rossiter mode) due to its role as the primary resonance. The fourth and fifth Rossiter modes, as well as the first and second Rossiter modes, are also visible in the spectra. It should be noted that, when comparing the data from the present work to the subsonic experiments, the subsonic cavity primarily resonated at the second Rossiter mode, with a secondary peak at the third Rossiter mode [25] .
A. Strongly Resonating 2-D Excitation
The two-dimensional nature of the fundamental instability and feedback mechanism responsible for resonance made 2-D excitation a logical place to begin. The LAFPAs provided perturbations necessary to excite the Kelvin-Helmholtz instability in the shear layer, which was responsible for the formation of the structures in the shear layer. The more coherent perturbations provided by the actuators competed with the naturally existing, incoherent perturbations in the flow, either causing alternate natural modes to achieve dominance or disrupting the feedback loop altogether [25] . This hypothesis suggests that the excitation Strouhal number will have the greatest effect on the control authority. A coarse frequency sweep was conducted, and resonance suppression/enhancement (i.e., peak tone amplitude modification) was analyzed. The sweep resolution was then refined in regions of interest. Peak tone (third Rossiter mode peak) modification obtained from the results is displayed in Fig. 8 . This was calculated by subtracting the amplitude of the baseline peak tone in the PSD from that of the excited tone; that is, positive peak tone modification implies resonance enhancement. The maximum and median uncertainty bands were 1.88 and 1.38 dB, respectively.
Throughout the rest of the paper, only data from the middle Kulite (x∕L 0.5) will be presented. This is justified by the nearly identical effect on the peak tone measured by all the Kulites, as shown in Fig. 8 . The peak between the first and second Rossiter modes is the subharmonic of the third Rossiter mode. The peaks at the first, third, and subharmonic of the third Rossiter modes are likely primarily due to EMI from the actuators contaminating the pressure signals rather than the apparent 15 dB resonance enhancement.
When the flow is excited near the fourth Rossiter mode, the peak tone reduction is significantly increased (to nearly 14 dB). Figure 3 shows the presence of the fourth Rossiter mode in the baseline case. Excitation at this mode should therefore encourage mode competition (as hypothesized) to a greater extent than at other Strouhal numbers. A general trend of increasing peak tone reduction for higher excitation Strouhal numbers is observed. This also supports the proposed mechanism: higher-frequency/smaller structure generation causes greater disorganization in the shear layer, further suppressing resonance.
To facilitate comparison with other flow control efforts, the results of several other experiments are briefly recounted here. Research of cavities in different flow regimes and with different control methods have been chosen to help demonstrate the effect of both on typical control effectiveness. Rowley et al. [30] developed a feedback control using zero-net-mass-flux blowing through an upstream slot in a subsonic cavity, and they were able to observe a peak tone reduction of approximately 20 dB. This is expected due to the fact that compressibility effects are not damping the shear-layer instability in this work, as they are in the present case. Sarno and Franke [31] observed a peak tone reduction of approximately 30 dB using mechanically oscillating fences. Although the deflection of the shear layer away from the cavity did significantly decrease (or eliminate) the resonance, the associated drag penalty was typically large. Ukeiley et al. [32] studied the use of blowing and pulsed blowing for the control of a Mach 1.5 cavity and observed a peak tone reduction of approximately 10-15 dB. This was comparable to what is observed in this work (see Figs. 8 and 9); although in this work, control is more difficult due to the higher Mach number and the associated stabilizing effect of compressibility on the shear layer. Bueno et al. [33] studied the use of high-frequency pulsed jets to control a Mach 2 cavity and observed a peak tone reduction of 5.5 dB. Debiasi and Samimy [16] used an acoustic driver exhausting through a slot at the cavity leading edge to suppress the cavity resonance tone by as much as 30 dB (depending on the natural resonance strength) for cavities with Mach numbers ranging from 0.26 to 0.46. Samimy et al. [15] used the same arrangement in a closed-loop feedback-control scheme to reduce the cavity resonance tone of a Mach 0.3 cavity by approximately 20 dB. Finally, Yugulis et al. [25] used LAFPAs arranged across the span of the cavity leading edge (as in this work) to suppress the resonance tone of a Mach 0.6 cavity by up to 25 dB.
Several cases of interest have been selected for closer examination. The spectra of the cavity excited at the third Rossiter mode are shown in Fig. 6 : both the actual amplitude and the offset by 20 dB. The offset allows changes in the shape and tones of the spectra to be easily observed, whereas the true amplitude highlights broadband changes. The superposition of an extremely narrow and broader peak (see Fig. 5a ) in the excited case at the third Rossiter mode suggests that EMI is contaminating the spectra. It should be noted that the apparent physical peak is lower than the baseline, suggesting the resonance is being suppressed, possibly due to a slight mismatch in the frequencies. Some broadband amplification is also observed.
Although excitation at nondominant modes was observed to suppress the primary resonance in the subsonic cavity, in some cases, it also amplified the excited mode [25] . Thus, it is important to determine if resonance is truly being suppressed or merely shifted to a different mode, particularly when excitation at the naturally and weakly resonating fourth Rossiter mode is introduced. Figure 7 does show a strong peak at the fourth Rossiter mode; however, the extreme narrowness of the peak suggests that it is due to contamination by EMI (see Fig. 5b ). If this is the case, it implies that excitation near the fourth Rossiter mode significantly suppresses the resonance. Although the resonance is suppressed, high-frequency broadband fluctuations are amplified.
Excitation at/near the fourth Rossiter mode shows the greatest peak tone reduction (see Fig. 8) ; however, small changes in flow conditions could significantly alter the effects of this excitation. A slightly smaller peak tone reduction is achieved by excitation at high Strouhal numbers not corresponding to Rossiter modes, and the lack of significant sensitivity of the peak tone modification to the excitation Strouhal number provides greater control robustness. Figure 4 shows the spectra for excitation at a Strouhal number of 1.57, between the fifth and sixth Rossiter modes. Note that both the third and fourth Rossiter modes are suppressed. Small broadband amplification is observed.
B. Strongly Resonating 3-D Excitation
In the subsonic case, a variety of 3-D excitation patterns were examined, and one was found to have the most substantial effects [25] . This pattern was that each actuator pulsed at a 180 deg relative phase to its neighboring actuators. The pattern was adopted for this work, as the fundamental flow physics, although to some extent affected by compressibility, were similar. The refined frequency sweep for the 2-D excitation was used to collect data with 3-D excitation. Figure 9 shows the peak tone modification by the 3-D excitation. The maximum and median uncertainty bands are 2.00 and 1.39 dB, respectively. As before, the peak tone modification is nearly identical at all three measured locations; therefore, the middle Kulite (x∕L 0.5) data will be presented hereafter. It should be noted that, because of the pattern of 3-D excitation, not only is strong excitation introduced at the primary Rossiter mode but also at its first harmonic. Thus, we see a plot similar to Fig. 8 , with a modified frequency scale, i.e., the effect previously observed for excitation at the fourth Rossiter mode can now be seen at the second Rossiter mode. Interestingly, 3-D excitation at the fourth Rossiter mode itself, although following the general trend of increasing peak tone suppression with increasing frequency, does not result in greater peak tone modification. As in Fig. 8 , the peak tone modification by excitation at the third and subharmonic of the third Rossiter mode is likely contaminated by EMI. Again, several cases were selected for closer examination.
Three-dimensional excitation at the third Rossiter mode (Fig. 10 ) shows a similar effect as the 2-D case; however, the apparent EMI contamination is smaller due to the 3-D nature of the excitation and the time-averaging nature of the Fourier transform. A secondary EMI peak is visible at the harmonic of the excitation frequency. The broadband amplification generated by the 2-D excitation is largely absent.
Spectra for excitation at the fourth Rossiter mode are shown in Fig. 11 . Significant peak tone suppression is observed for both cases. Assuming the extremely narrow peak is EMI contamination, there is no amplification of the fourth Rossiter mode; rather, it appears to be suppressed. Note that the broadband amplification generated by 2-D excitation is absent.
The trend of increasing peak tone reduction with increasing frequency is more pronounced for 3-D excitation than 2-D (cf. Figs. 8  and 9 ). Thus, St 1.57, and 3-D excitation is a good candidate for a robust control case. Comparing Figs. 12 and 4 reveals that the peak tone reduction is greater for 3-D excitation at this frequency than for 2-D. The peak tone reduction is still slightly less than that observed for 2-D excitation at the fourth Rossiter mode (cf. Fig. 7) . It also appears to suppress the weak resonance at the fourth Rossiter mode. No evidence of broadband amplification, as in the 2-D case, is observed. Fig. 9 Peak tone modification by 3-D excitation; positive peak tone modification indicates resonance enhancement.
C. Discussion of Strongly Resonating Results
Both Figs. 8 and 9 show significant sensitivity to the excitation frequency near the Rossiter modes. The observed peak tone amplification is likely primarily due to EMI contamination. In the subsonic work, the control authority of the LAFPAs was attributed to the excitation of the Kelvin-Helmholtz instability and structure formation at various Strouhal numbers that promoted mode competition [25] . These results supported that hypothesis. Further support cams from a general trend of increasing the peak tone reduction with the increasing excitation frequency for both the 2-D and (more pronounced) the 3-D excitations. Increasing the excitation frequency should result in smaller and less coherent structures, thus resulting in a weaker interaction with the cavity trailing edge, and therefore a reduced chance of amplified Rossiter modes.
Maximum peak tone reduction is achieved by 2-D excitation at the fourth Rossiter mode. This excitation also appears to not significantly amplify the fourth Rossiter mode (see Fig. 5b ). The disadvantage of this control is that it is sensitive to changes in the flow conditions/ excitation Strouhal number. For practical applications, it is important that the effect of control remain relatively consistent, i.e., not strongly dependent on relatively small changes in flow conditions. It is shown that 3-D excitation at St 1.57 achieves a peak tone reduction similar to that achieved by the 2-D excitation at the fourth Rossiter mode. The effect of control at this condition is relatively insensitive to small changes in flow conditions, providing much more consistent results. Additionally, the 3-D high-frequency excitation also suppresses the fourth Rossiter mode, potentially further reducing entrainment. Finally, this is accomplished without the broadband amplification observed for the 2-D (especially fourth Rossiter mode) excitation.
In comparing the 2-D and 3-D resonance cases, it was consistently observed that 3-D excitation generated less broadband amplification than 2-D. This supports the attribution of the broadband reduction to the 3-D nature of excitation by the subsonic work [25, 34] . Figure 13 shows 2-D and 3-D excitation spectral differences. These figures are contours of the excited spectra with the baseline subtracted and stacked vertically with the Strouhal number on the abscissa and with the excitation Strouhal number on the ordinate. The 2-D excitation clearly generates broadband amplification (dark horizontal lines), particularly when the excitation Strouhal numbers are near the third, fourth, and fifth Rossiter modes. This broadband amplification is absent for the 3-D excitation.
D. Weakly Resonating 2-D Excitation
In some applications, resonance enhancement may be desirable: for example, in a cavity for flameholding, to increase the entrainment for faster and better fuel/air mixing and flame stability. A weakly resonating cavity geometry was therefore selected (see Fig. 2 ) in which to test the control authority of the LAFPAs to enhance the resonance.
The baseline flow was documented by four Kulite pressure transducer(s) (see Fig. 2 ). The physical locations of the Kulites remained the same; however, due to the change in cavity length, no Kulite was in the same relative position (x∕L) within the cavity, as for the strongly resonating case. The Kulite at x∕L 0.65 (previously 0.75) was similarly positioned. An examination of the effects of excitation (similar to Fig. 8 ) indicated that the data from this measurement location were representative of the flow response; therefore, only data from this location will be displayed. The baseline spectrum for the weakly resonating case is displayed in Fig. 14. A comparison with Fig. 3 shows the significant difference in resonance amplitude between the two cases. Additionally, in the weakly resonating case, the dominant resonance peak shifted from the third Rossiter mode to the fourth. This shift was caused by the change in the longitudinal acoustic cavity modes, due to the length change, and the relatively unchanged shear-layer organization.
As shown previously, sweeps of excitation Strouhal numbers were conducted, and the sweeps were refined about the Rossiter modes. A few cases of interest are discussed in the following. Figure 15 shows the response of the weakly resonating cavity to excitation at the fourth Rossiter mode. Previously, when exciting the flow at the third Rossiter mode, EMI contamination obscured the results. Although a similar confounding influence can be observed here, the flow is clearly responding to the excitation. The peak has broadened and increased in amplitude, although the extremely narrowband EMI peak obscures the top of the peak, hiding the amount by which the resonance was enhanced. The results can confirm, at most, an approximately 2 dB increase, although the actual amount is undoubtedly greater. The flow is also responding near the excitation frequency's first harmonic. This is further confirmation that the observed effect is not merely due to contamination by EMI. Broadband amplification is also observed. These results are consistent with both the working hypothesis and what has been observed in subsonic flow [25] .
In the strongly resonating cavity, the third Rossiter mode was the dominant resonance mode. The actuators accordingly had a significant effect there. However, when the dominant resonance shifted away, the effects of the actuators were significantly smaller, as shown in Fig. 16 . Although a small broadband shift can be observed, the expected enhanced resonance is not observed. This highlights that the actuators exploit existing flow physics to achieve a desired result. Figure 17 reduces data from the entire frequency sweep to a single figure to allow easy analysis of the observed trends. The spectral difference (see Fig. 13 for further information) is displayed. The dashed vertical lines denote the third through the sixth Rossiter modes. The flow can be observed to respond to excitation near the fourth, fifth, and sixth Rossiter modes. Although the change in resonance amplitude is obscured by the presence of EMI, the flow clearly responds, both near the resonance peak and by broadband amplification (horizontal dark bands). Additionally, as seen both here and in Fig. 15 , the flow responds strongly at the first harmonic of the fourth Rossiter mode (St ∼ 2.3) .
In addition to enhancement of the resonance amplitude, resonance suppression is also observed. The vertical yellow bands at the third, fourth, and fifth Rossiter modes show that, as the excitation Strouhal number increases, the naturally weak resonance is suppressed even further.
IV. Conclusions
Previously, LAFPAs had demonstrated the ability to modify the resonance condition of both strongly and weakly resonating Mach 0.6 cavities [25] . The ability of localized arc filament plasma actuators (LAFPAs) to control supersonic cavity resonance has been investigated in the current work. They have been shown to retain the ability to significantly modify the resonance condition of a strongly resonating supersonic cavity. The greatest peak tone reduction (∼14 dB) is observed by 2-D excitation at the secondary resonance mode (fourth Rossiter mode); however, the effects of this excitation are sensitive to flow conditions. Three-dimensional excitation at St 1.57 (high Strouhal number, just below the sixth Rossiter mode) causes similar peak tone reduction (∼11 dB), but it is relatively insensitive to flow conditions. Additionally, it clearly demonstrates the ability to suppress the third and fourth Rossiter modes simultaneously, and it does not introduce broadband amplification, as does the 2-D excitation, especially around the fourth Rossiter mode. electromagnetic interference (EMI) contamination makes it difficult to draw concrete conclusions regarding the LAFPAs' ability to enhance resonance. When a weakly resonating cavity was excited near the dominant resonance mode, the resonance was enhanced. Corruption due to EMI obscured the magnitude of the enhancement; however, it was clearly present. Thus, the LAFPAs' have been shown to retain their ability to suppress and enhance resonance in a supersonic cavity flow.
The LAFPAs' control authority in the subsonic cavity was attributed to the excitation of the Kelvin-Helmholtz instability, and thus structure formation in the shear layer and the resultant mode competition. The present results support the same control mechanism for the LAFPAs in the supersonic cavity. Specifically, the strong dependence of control authority on the excitation Strouhal number in the vicinity of Rossiter modes supports this hypothesis. Additionally, both 2-D and 3-D excitations show a generally increasing peak tone reduction with an increasing Strouhal number. This also supports the proposed control mechanism because promoting smaller structures and greater shear-layer disorganization should lead to further suppressed resonance.
